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Abstract—We demonstrate that the gas concentration in a high-
temperature environment can be measured using the leakage cur-
rent through a dielectric stack on silicon carbide, comprising sil-
icon dioxide and titanium dioxide. The variation in the leakage
current may be explained by the trap-assisted conduction model,
where the barrier height is observed to be dependent on the con-
centration of gas. The behavior of the sensors under exposure to
hydrogen and oxygen is shown and we propose that the observed
change may be explained by the change in band bending under
the oxide layer. The sensitivity of this detection technique is not
influenced by the electric field across the dielectric and is better
than 50 ppm. The use of a low electric field in comparison to con-
ventional capacitance-based measurements offers the possibility of
lomg-term operation at elevated temperatures.
Index Terms—Gas detectors, high-temperature effects, mi-
crosensor, MIS capacitors.
I. INTRODUCTION
THE NEED FOR the measurement of gas concentrationsin hostile environments is a key facilitator in a variety of
scientific and engineering pursuits. The ever more severe pol-
lution controls, for exhausts and flues for example, require the
development of faster and more efficient sensors for online con-
trol. These sensors will need to be deployed in the exhaust of the
system being monitored, where the temperature will be in excess
of 300 C, with an often corrosive ambient. Other applications
for these sensors may include scientific exploration of planets
in the solar system (especially Venus) and the monitoring of
oil wells and volcanic emissions. Solid-state sensors, which are
small, lightweight, and easily interfaced to microcontroller cir-
cuits are becoming ubiquitous for the measurement of a wide
variety of conditions. However, traditional semiconductor tech-
nology, which is silicon based, cannot operate at these temper-
atures and so the use of wide bandgap materials, such as SiC,
AlN, GaN, and AlGaN is being actively researched for these
applications. Of these, SiC is currently the most advanced in
terms of commercial wafer availability and process technology,
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as well as the unique advantage for a wide bandgap semicon-
ductor, in the formation of a native oxide.
Through the application of a catalytic material, chemical gas
sensors based on a capacitor structure (including MISFETs)
have been developed and tested by a number of groups world-
wide [1]. These devices have been demonstrated at temperatures
above 900 C [2] and have shown sensitivity to a variety of gas
species, including [3], hydrocarbons [4], CO [5], and NOx
[6]. Operation at high temperatures also reduces the response
time of the sensor, down to the millisecond range, making this
structure ideal for the high-speed monitoring of unwanted emis-
sions from car exhausts, where the behavior of individual cylin-
ders has been observed [7].
As well as capacitor-based structures, silicon carbide gas
sensors have been fabricated using Schottky diode [8]. The
Schottky diode offers the possibility of utilizing simple in-
terfacing electronics, but suffer from long-term drift as the
metal contact and silicon carbide react at high temperatures [9].
Traditional measurements using capacitor structures require
complex circuitry to maintain a constant capacitance [10], but
do offer a more reliable operation at high temperatures due to
the physical separation of the semiconductor and metal. Drift
is observed in these devices, due to the influence of interface
traps [11] and the degradation of the silicon carbide/dielectric
interface. FET-based devices based on MIS structures offer a
more challenging fabrication process and are still degraded by
the influence of these interfacial traps [12].
The leakage current through metal—insulator—semicon-
ductor structures can be described using a number of models,
depending on the electric field applied. In the low field region,
the carriers traverse the oxide, by quantum tunneling across
very thin dielectric layers, while trap-assisted conduction
dominates as the thickness increases. The observed behavior
for this trap-assisted conduction is an ohmic current—voltage
characteristic, which is strongly temperature dependent.
The reliability of dielectric layers on silicon carbide, espe-
cially at high temperatures is not yet equal to that of traditional
silicon technology. At temperatures above 300 C, it has been
observed that the mean time to failure of these dielectrics de-
creases significantly and the use of application of high electric
fields reduces this further [13], [14]. With the anticipated am-
bient conditions for these sensors exceeding 300 C, reducing
the electric field in the dielectric is essential if the sensor is to
remain operational for long periods. The conventional method
of measuring the voltage required to maintain a constant ca-
pacitance is often used as a means of extracting the signal
from capacitive sensors. This often requires electric fields in
1530-437X/$25.00 © 2007 IEEE
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Fig. 1. Cross section of the completed sensor.
excess of 1 MV cm to be applied across the dielectric, which
although not high enough to cause catastrophic breakdown,
weakens the dielectric, reducing the expected lifetime. The
breakdown voltage of a dielectric stack reduces as
the temperature of the sensor increases [15] and so operation at
low electric fields becomes more critical for high-temperature
sensors.
In this paper, we present results illustrating the response of
these sensors to hydrogen and oxygen based on the variation in
leakage current. We show that this change can be described by
the change in barrier height between the palladium and
layers.
II. EXPERIMENTAL DETAILS
Commercial, research grade -type 4H-SiC wafers from
Cree Inc. with a 2.9- -thick epilayer with a nitrogen doping
concentration of cm were used to fabricate MIS
capacitors. A conventional RCA clean was performed and the
wafers were then dipped into a dilute HF solution to remove the
native oxide from the SiC surface prior to oxidation. Thermal
oxide of 25 nm thickness was grown at 1150 C in dry
ambient prior to titanium (Ti) deposition. A titanium film of
50 nm thickness was deposited on layers by the
thermal evaporation with a base pressure of ,
followed by thermal oxidation in dry ambient at 800 C
to form the 75-nm-thick layer [16], [17]. Subsequently,
50 nm of palladium was deposited and patterned to complete
the MIS capacitors. The cross section of the final device is
shown in Fig. 1.
Electrical properties of the gate dielec-
tric stack over a temperature range of 100 C–650 C were
determined by measuring high-frequency capacitance-voltage
and current-voltage characteristics using an
Agilent 4284 LCR meter and Keithley 487 picoammeter in con-
junction with a computer controlled hot plate. The gas measure-
ments were undertaken using a chamber connected to mass flow
controllers, which control the flow of 2.5% in nitrogen, 2%
in nitrogen, and 100% VLSI grade nitrogen. The chamber
is maintained at a pressure of 20 Torr during the measurements,
by means of a vacuum pump and a butterfly valve.
III. RESULTS AND DISCUSSION
Fig. 2 shows the capacitance voltage characteristics of the
sensor tested in air. The figure shows that between 100 C and
200 C, charge trapped in the oxide is annealed and the flatband
Fig. 2. CV characteristics of a sensor in air as a function of temperature.
voltage of the characteristic reduces [18]. This reduction corre-
sponds to a net fixed oxide charge change of cm ,
compared to a total of cm , which is calculated
from the deviation away from the theoretical curve. At temper-
atures above 300 C, which is in the region of interest for sen-
sors operating in exhaust systems and volcanic vents, the capac-
itance characteristics are influenced by both the interface states
and fixed oxide charge. This is the region where it has been sug-
gested sensors measurements should be performed, to avoid the
charging/discharging of traps at the interface [12]. These results
would suggest that in this material system, alternative bias con-
ditions would be more suitable.
The density of interface states at low temperatures is found
to be cm eV [19], which is comparable to reports
elsewhere. When the temperature is increased above 400 C,
the density of interface traps rises [15] indicating that the ob-
served spread in the low voltage C-V data is linked to these. At
these temperatures, a second peak is observed in the conduc-
tance data, indicating that a second set of traps with different
capture/emission cross sections are affecting the characteristics
[15]. Using the Hill–Coleman method, the density of interface
traps exceeds cm eV , which suggests that these traps
are possibly formed from dangling bonds at the SiC/SiO inter-
face [20]. Fig. 3 shows the leakage current through the capac-
itor as a function of temperature in a nitrogen ambient. The data
show a linear relation between current and voltage, coupled with
a strong temperature dependence, indicating that the current is
dominated by trap-assisted conduction mechanisms [21]. This
trap-assisted conduction can be modeled using (1)
(1)
where is related to the density of trapping states in the bulk of
the dielectric, the electric field in the dielectric stack, and
is the barrier height of the palladium/TiO junction, as shown in
Fig. 4. This mechanism is only applicable for low electric fields
and so only low voltages (corresponding to a maximum electric
field of 50 kV cm ) have been investigated here.
By comparing experimental data taken in 100% nitrogen to
this model, the barrier height is calculated to be 0.405 eV
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Fig. 3. Leakage current through the capacitor as a function of temperature.
Fig. 4. Band diagram showing the barrier height  .
Fig. 5. Fitting the trap-assisted conduction model to experimental data taken
in 100% nitrogen.
between the metal and the TiO , and the fitting results are pre-
sented in Fig. 5. The term used to describe the density of trap-
ping states to fit the data shown in Fig. 5, has a value of
cm . The trap-assisted conduction mechanism
is dominating the leakage current in this low field region and
shows a good fit to the data at temperatures above 200 C. The
results suggest that the bulk properties of the dielectric layer are
Fig. 6. Variation in the leakage current through the capacitor at 425 C as a
function of gate voltage for different hydrogen partial pressures.
Fig. 7. Variation in the leakage current through the capacitor at 425 C as a
function of gate voltage for different oxygen partial pressures.
constant, suggesting that the TiO layer is stable across this tem-
perature range.
Fig. 6 shows the variation in leakage current with hydrogen
partial pressure at a temperature of 425 C. The increase in hy-
drogen flow increases the leakage current over the entire voltage
range studied. It should be noted that the change in gas concen-
tration does not change the conduction mechanism and all data
sets are showing behavior described by the trap-assisted con-
duction model. The partial pressure shown on the figure are cal-
culated as a fraction of the gas flow. With the chamber being
held at 20 Torr, 2000 ppm is equivalent to a gas concentration
of 500 ppm at atmospheric pressure. Fig. 7 shows the varia-
tion in leakage current with oxygen partial pressure. The figure
shows that the leakage current decreases as the oxygen pres-
sure increases, in contrast to the behavior shown for hydrogen
in Fig. 6. Again, the shape of the characteristics suggests that
the leakage current is dominated by the trap-assisted conduc-
tion mechanism.
Using (1), we have extracted the barrier height and bulk
trap density for the sensor in both hydrogen and oxygen am-
bient. While the trap density extracted from the data remains
unchanged, with cm , the value of the
barrier height reduces from 0.405 eV to 0.325 eV with in-
creasing hydrogen concentration, and increases from 0.405 eV
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Fig. 8. Variation in barrier height with hydrogen and oxygen exposure.
to 0.505 eV with increasing oxygen concentration, as shown in
Fig. 8.
This reduction in barrier height with hydrogen can be ex-
plained by the formation of a charge dipole layer located im-
mediately under the catalytic gate contact, as has been observed
in Schottky-based gas sensors [8]. The increase in barrier height
with oxygen has two possible explanations. The decomposition
of oxygen molecules forms oxygen ions, which either create a
negative charge dipole layer under the gate metal [22], or oxi-
dize any remaining hydrogen ions to form water and leave the
interface uncharged [23].
The sensitivity of the sensor to hydrogen flow (denoted as
x%) was calculated using (2) [24]
(2)
The results from Fig. 8 show that in common with other re-
ported work on catalytic metal-based gas sensors, no unique so-
lution exists for a mixture of gas species [25]. For the data pre-
sented, for example, it is not possible to determine the concen-
tration of hydrogen from a mixture containing both hydrogen
and oxygen. This result demonstrates the need for sensors ar-
rays for deployment in environments where gas mixtures are
expected.
The sensitivity to hydrogen is shown in Fig. 8. Since the data
in the figure can be described using this single barrier height
model, the calculated response is not dependent on the voltage
applied across the device. This offers the possibility to lower
the electric field across the device for operation at higher tem-
peratures and still maintain a suitable mean time to failure. By
combining (1) and (2) it can be seen that the gas response may
be expressed as
(3)
where is the change in barrier height on exposure to the
gas.
Fig. 9 shows the variation in response to hydrogen concentra-
tion at temperatures between 500 and 800 K. The figure shows
Fig. 9. Variation in the sensitivity to hydrogen as a function of temperature.
that the sensitivity of the device reduces as the temperature is in-
creased, as has been observed in previous work using catalytic
gates on MISiC-based sensors [26]. The data also shows an in-
crease in the sensitivity once the temperature is raised above
750 K (475 C). This increase in response may be linked to the
high diffusion of the atomic hydrogen and oxygen into the di-
electric stack and the increase in chemical reaction rate at the
catalytic surface, when the temperature is raised above 500 C
[23].
IV. CONCLUSION
We have shown that the leakage current through a MISiC ca-
pacitor is sensitive to both hydrogen and oxygen and can be
used for basic studies of these MIS devices at elevated temper-
atures. These devices are also suitable for the detection of gases
at sub 1% concentrations at these temperatures. The data can be
described using a trap-assisted conduction method, where the
change in barrier height fits the data over the temperature range
of 200 C–500 C. The sensitivity of this method is comparable
with the traditional method of using the capacitance-voltage
characteristics and offers the use of a lower electric field, hence
offering a more reliable operation. The sensitivity to hydrogen
shows an initial decrease with temperature, as observed in other
work, before an increase with temperature above 500 C, which
we postulate is linked to the complete dissociation of the hy-
drogen molecules at the catalytic surface.
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